We have used the carotenoid biosynthesis inhibitor norflurazon to study the relationship between chloroplast and nuclear gene expression and the mechanisms by which plastid mRNA accumulation is regulated in response to photooxidative stress. By treating 4-week-old hydroponic spinach plants (Spinacea oleracea), we were able to determine the response at two distinct stages of chloroplast development. For all parameters studied, differences were found between the norflurazon-treated young and mature leaves. Young leaves lost essentially all pigment content in the presence of norflurazon, whereas mature leaves retained more than 60% of their chlorophyll and carotenoids. The accumulation of plastid mRNA was determined for several genes, and we found a decrease in mRNA levels for all genes except psbA in herbicidetreated young leaves. For genes such as atpB, psbB, and psaA, there was a corresponding change in the relative level of transcription, but for psbA and rbcL, transcription and mRNA accumulation were uncoupled. In norflurazon-treated mature leaves, all plastid mRNAs except psaA accumulated to normal levels, and transcription levels were either normal or higher than corresponding controls. This led to the conclusion that plastid mRNA accumulation is regulated both transcriptionally and posttranscriptionally in response to photooxidative stress. Although direct photooxidative damage is confined to the plastid and peroxisome, there is a feedback of information controlling the transcription of nuclearencoded plastid proteins. Considerable evidence has accumulated implicating a "plastid factor" in this control. Therefore, the expression of several nuclear-encoded plastid proteins and the corresponding mRNAs were determined. Although the levels of both the small subunit of ribulose-1,5-bisphosphate carboxylase and the light harvesting chlorophyll a/b-binding protein and corresponding mRNAs were reduced, a 28-kilodalton chloroplast RNA-binding protein and corresponding mRNA were at normal levels in norflurazon-treated plants. Changes in mRNA and protein levels were not the result of a general loss due to photooxidation but rather the result of selective stabilization of certain components. The response of both genomes to photooxidative stress is discussed in terms of the postulated plastid factor.
considerable evidence that supports a model in which carotenoids play a direct role in quenching triplet states of Chl, thus blocking the formation of oxygen radicals and the photodestruction of photosynthetic complexes (13) . When seedlings, in which carotenoids do not accumulate either due to a mutational or chemical block in the synthesis pathway, are transferred from permissive low light to high light, rapid bleaching occurs in the green leaf tissue (2) . Bleaching of leaves in the absence of carotenoids is a symptom of a pleiotropic effect that includes the disappearance of Chl, chloroplast grana stacks, and ribosomes (2, 5, 30) , as well as a decrease in several nuclear-and plastid-encoded chloroplast proteins (15, 18, 19) . Light-dependent decreases in enzyme activity are limited to the chloroplast and peroxisomal compartments (3, 5, 12) . Whereas chloroplast enzymes are much reduced in photooxidized leaves, cytoplasmic, glyoxisomal and mitochondrial enzymes are maintained at normal levels (5, 26) . In addition, phytochrome levels (20) and phytochrome-mediated photomorphogenic events are normal in carotenoid-deficient plants (14, 16) .
Work with seedlings lacking carotenoids has also demonstrated that light intensity-dependent photooxidation reduces the accumulation of nuclear-encoded mRNAs for the SSU4 and the LHCPII in both monocots and dicots (4, 15, 19, 20, 22) . The levels of nuclear-encoded mRNAs for nonplastid proteins generally do not decrease in response to photooxidation (6, 7, 20) . The decrease in the accumulation of the mRNAs for SSU and LHCPII correlates with a decrease in the transcription of their respective genes, rbcS and cab (4, 7, 32) . The lack of carotenoids per se does not inhibit transcription, because cab and rbcS mRNAs accumulate under low (i.e. permissive) light intensities.
Based on these and other data, a signal produced by the chloroplast was proposed to be necessary for optimal transcription of nuclear genes for chloroplast proteins (for review see ref. 34 ). Thus, photooxidation may act on the site of synthesis of this signal but does not affect the function of other trans-acting factors required for the transcription of nuclear genes for nonplastid proteins. In support of this theory, the expression of a nuclear-encoded chloroplast-localized protein has been tightly correlated with the presence of chloroplasts at the level of individual cells (33) .
The proposal of a chloroplast signal that regulates nuclear gene expression has several interesting implications. First, synthesis of the signal could be dependent on chloroplast gene expression, although no convincing evidence has been provided for this possibility. Second, the presence of this chloroplast signal may also be necessary for the transcription and/or accumulation of plastid mRNAs during leaf development. And third, the continuous presence of the chloroplast signal may be necessary for the optimal transcription of both nuclear and chloroplast genes in established leaves.
We have studied the effect of norflurazon, an inhibitor of carotenoid biosynthesis, on spinach (Spinacea oleracea) nuclear and chloroplast mRNA accumulation as well as chloroplast transcription at two distinct stages of leaf development. We have previously shown that chloroplasts in young leaves are distinct from mature leaves, both at the ultrastructural and gene expression levels (8) . Young leaf chloroplasts have fewer stacked and unstacked thylakoid membranes and have an overall higher rate of transcription per plastid genome compared with mature leaf chloroplasts. In addition, specific mRNAs accumulate to different levels in chloroplasts of these two leaf developmental stages, which is primarily the result of differences in mRNA stability rather than differences in transcription (8) (9) (10) (11) . The accumulation of chloroplast mRNA in spinach is closely correlated with the expression of a nuclear gene for a 28-kD protein (28RNP) that binds the 3'-inverted repeat of several plastid mRNAs and appears to be required for correct mRNA 3'-end processing and/or stability (29) . Thus, the 28RNP is one of the first examples of a nuclear-encoded plastid regulatory protein.
Based on the differences in chloroplast morphology and gene expression in spinach leaves, it is reasonable to expect that the response of chloroplast and nuclear gene expression to depletion of carotenoids might differ between young and mature leaves and also relative to seedlings that were used in most other studies. To investigate this possibility in more detail, we determined whether a correlation exists between chloroplast transcription/mRNA accumulation and the decrease in transcription of nuclear-encoded genes for chloroplast proteins in NY and NM chloroplasts. In addition, we determined the relative contributions of transcription and mRNA stability to the accumulation of specific chloroplast mRNAs under these conditions. The results show that a block in carotenoid biosynthesis by norflurazon affects chloroplast mRNA accumulation differently in young and mature leaves. Norflurazon treatment and subsequent photooxidation in spinach leaves does not result in a block in chloroplast transcription activity, but it does affect the accumulation of the nuclear-encoded rbcS and cab mRNAs, and the accumulation of the mRNA for the 28RNP is not reduced. These results suggest that regulation of chloroplast and nuclear genes during norflurazon treatment of established plants is complex. We found that the differential regulation of chloroplast and nuclear gene expression during norflurazon treatment is most closely correlated with the degree to which Chl is photooxidized.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Spinach seeds (Spinacea oleracea L. cv Marathon Hybrid) were germinated in vermiculite watered with 0.5x Hoagland solution in growth chambers. After 1 week, seedlings were transferred to hydroponic tanks containing 0.5x Hoagland solution. Lighting was from a combination of fluorescent and incandescent bulbs at 200 ,E _m-2 s-' (measured using a LiCor 189 photometer) at the leaf surface on a 12-h light (250C)/12-h dark (200C) cycle. After 3 weeks, half of the plants were treated with norflurazon at a concentration of 3.5 mg/L. young (<4 cm) and mature (>10 cm) leaves were harvested following 10 d of treatment.
Pigment Determination
Both Chl and carotenoid content were determined spectrophotometrically in cleared 80% acetone extracts of tissue ground in liquid nitrogen. Carotenoid levels were determined according to the method described by Lichtenthaler and Wellbum (17) and Chl was determined according to the method described by Melis et al. (21) .
Protein Isolation
Plant tissues (approximately 2 g) were ground to a powder in liquid nitrogen followed by resuspension in 3 mL of buffer (100 mM Tris-Cl [pH 7.2], 0.3 M sucrose, 5 mM MgCl2, 40 mM f3-mercaptoethanol, 5 mm EDTA, 5 mm EGTA, 2 mm PMSF, and 2 mm benzamidine). The homogenate was filtered through glass wool and centrifuged for 5 min in a microfuge at 40C to separate soluble and membrane fractions. The membrane pellet was resuspended in a small volume of homogenization buffer. Equal amounts of protein from each sample were fractionated on SDS-PAGE and either silver stained or electroblotted to nitrocellulose and decorated with either LHCPII (Chlamydomonas) or 28RNP (spinach) antibodies. Goat anti-rabbit immunoglobulin G horseradish peroxidase conjugate (Bio-Rad) was used as a second antibody, and the cross-reaction was visualized by color development according to the manufacturer's instructions.
Nucleic Acid Isolation and Hybridization
Total RNA was isolated according to a published procedure (8) 25 mm aurin tricarboxylic acid). The homogenate was filtered through two layers of Miracloth (Calbiochem), and chloroplasts were lysed by the addition of 2.5 mL of 5% (w/v) sodium sarcosinate, 50 mi Tris-HCL (pH 8.0), and 25 mm EDTA. The lysed suspension was phenol extracted three times followed by ethanol precipitation. The pellet was resuspended in 4 mL of Tris-EDTA buffer (pH 7.5). High mol wt RNA was precipitated by the addition of 1 mL of 10 M LiCl (overnight at 40C). The RNA was collected by centrifugation at 10,OOOg for 15 min at 40C, resuspended in RNAse-free water (diethyl pyrocarbonate treated), and stored at -200C. RNA samples were denatured and fractionated in 1.2% agarose-formaldehyde gels, transferred to nylon membranes, and hybridized with gene-specific probes. The DNA probe for cytoplasmic 18S and 28S rRNA was a nick-translated 8.7-kb HindIII fragment isolated from the pHA2 clone, and the probe for 16S chloroplast rRNA was the nick-translated BamHI-10 fragment of the spinach chloroplast genome (8) . The probe for the SSU was a randomly primed 0.7-kb fragment of the tomato cDNA clone p3-91 (24) . The probe for the LHCPII was a randomly primed 0.5-kb HindIII fragment of the tomato cDNA clone cab-3C (25) . The probe for the 28RNP was a 1.0-kb randomly primed EcoRI-XhoI fragment of the cDNA clone YlB1 (29) . For psaA, psbA, and atpB/E, coding region-specific fragments (1.4-kb KpnI-BamHI fragment, 1.2-kb BglII-XbaI fragment, and 0.42-kb EcoRIXbaI fragment, respectively; for more details see ref. 8) were cloned into the pIBI76 vector. Riboprobes homologous to each specific transcript were made in vitro using SP6 or T7 RNA polymerase. After exposure of the nylon blots to x-ray film, the hybridized probes were excised, and the amount of radioactivity each contained was determined by scintillation counting.
Run-On Transcription in Isolated Chloroplasts
Run-on transcription assays were performed essentially as previously published (10) (28) . After norflurazon was applied to the hydroponic solution, the amount of visibly bleached tissue increased with time, starting with the smallest leaves and progressing to older tissue. By the time the leaves were harvested, the NY leaves appeared completely white, except for a small amount of green tissue along the midrib and at the tips (which was discarded). The NM leaves were lighter green than untreated control leaves and had developed small nonturgid sectors. The results indicate that, at least in young leaves, norflurazon treatment of established, intact plants under nonpermissive light conditions causes photooxidation and/or blocks synthesis of Chl, which is consistent with the above described block in carotenoid biosynthesis. Because this effect was not as obvious in mature leaves, Chl and carotenoid content was measured in both young and mature leaves.
Norflurazon Affects Pigment Accumulation Differently in Young and Mature Leaves
To quantitate the extent of photobleaching, Chl and carotenoid levels were determined for each of the four leaf samples. Figure 1 shows the time course of pigment change during the norflurazon treatment. The Chl content of NY plants was only 5% of the level in Y control leaves after 10 d, reflecting the white, bleached phenotype and indicating that norflurazon is efficiently taken up by the hydroponic plants. The total Chl content of NM plants gradually decreased to 68% of the level of the M control leaves, reflecting the lighter green phenotype of this stage.
Total carotenoid content was also greatly reduced in NY leaves and accounted for only 6% of the level found in Y leaves, indicating that the dose of norflurazon was effective. The carotenoid level in NM leaves paralleled the decrease in Chl and was 63% of the level in M leaves after 10 d. The reason for this difference between NY and NM may be related to a relatively long half-life of carotenoids that are already present in mature leaves at the time of herbicide treatment but are being rapidly synthesized in young, developing leaves. Alternatively, norflurazon may not be as efficiently transported to mature leaves, although it appears to be transported to the apical tip region of the spinach plant where it effectively reduces carotenoid synthesis in developing leaves.
Accumulation of LHCPII, but Not the 28RNP, Is Reduced in Young Leaf Plastids during Photooxidative Stress
As shown previously, LHCPII fails to accumulate in seedlings of carotenoid synthesis mutants and norflurazon-treated seedlings (15, 18, 19, 23 In contrast to the results for LHCPII and Rubisco, the accumulation of a 28RNP (29) is not diminished by norflurazon treatment of Y leaves, although there is a slight reduction in NM leaves compared with the control (Fig. 2) . The 28RNP has a role in the 3'-end processing and/or stability of several plastid mRNAs, such as psbA, rbcL, petD (encoding subunit IV of the Cyt b6/f complex) and rps14 (encoding a 30S ribosomal subunit protein), and its expression in spinach is tightly correlated with the accumulation of plastid mRNAs. This result suggests that photooxidative conditions in the chloroplast do not adversely affect the accumulation of all proteins and that accumulation of the 28RNP is most likely uncoupled from the accumulation of photosynthetic proteins. It is important to note that norflurazon treatment of established plants has a significantly different effect on leaves that have reached maturity at the time of treatment than on leaves that develop during the treatment period. Our results indicate that plastids in developing leaves are stressed to a considerably greater extent by norflurazon treatment than are mature leaf chloroplasts.
Plastid and Nuclear mRNAs Accumulate Differently in NY and NM Leaves
Previous results using different plant species have shown that the mRNAs for cab and rbcS are greatly reduced in seedlings that are lacking carotenoids (15, 19, 22) . This effect is tightly coupled to light quality and intensity. Low-intensity white light or far-red light have no significant effect on cab and rbcS mRNA accumulation during seedling growth. It was concluded that accumulation of cytoplasmic cab mRNA can be blocked by photooxidation within the chloroplast and that this block is specific, i.e. not all nuclear-encoded mRNAs are similarly affected (20) . The conclusion applies, however, to seedlings of carotenoid synthesis mutants or seedlings that were treated with norflurazon from the time of germination. In these seedlings, the block in carotenoid synthesis is already established before the differentiation of proplastids into chloroplasts in the light. In the present study, spinach plants were Equal amounts of total RNA were loaded per lane in 1.2% agarose formaldehyde gels to give identical hybridization with either cytoplasmic 28S rRNA for nuclear-encoded genes or identical hybridization with plastid 16S rRNA for plastid-encoded genes. After electrophoresis, gels were vacuum blotted to nylon membranes, followed by hybridization. Blots were exposed to Kodak XAR film, and the corresponding blot slices were excised and scintillation counted. Probe descriptions are given in the text. Molecular masses are in kb.
grown for 4 (11) . The DNA probes for the plastidencoded transcripts include the 83-kD reaction center polypeptide of PSI (psaA), the 32-kD polypeptide (DI) of PSII (psbA), the 47-kD polypeptide of PSII (psbB), the large subunit of Rubisco (rbcL), and the f,-and E-subunits of ATP synthase (atpB/E). The DNA probes for the nuclear-encoded transcripts include the SSU (rbcS), the LHCPII (cab), and the 28RNP. The plasmid constructs are described in detail in 'Materials and Methods.' After hybridization with the radioactive gene-specific DNA probes, filter slices were excised, and RNA accumulation was quantitated by scintillation counting. To allow for standardization of chloroplast and nuclear mRNA levels, an equal amount of either chloroplast 16S rRNA or cytoplasmic 28S rRNA was loaded in each lane for both young and mature leaf RNA samples. This allows mRNA levels to be compared within the same cellular compartments in leaves between both control and norflurazontreated plants.
The results in Figure 3 show that, although there is equal hybridization to nuclear-encoded rRNAs, the levels of cab and rbcS mRNAs are significantly different. As summarized in Table I , the level of cab mRNA decreases to 27% in the NY leaves and to 56% in the NM leaves compared with the Y and M control leaves, indicating that the accumulation of this mRNA is affected by norflurazon treatment in both leaf types. In contrast, the level of rbcS mRNA is less sensitive to the norflurazon treatment, showing a decrease of 40 to 50% in both NY and NM leaves compared with the Y and M control leaves. In agreement with previously published reports (4, 20, 22) , the accumulation of the cab mRNA in young spinach leaves is also more sensitive to norflurazon treatment than the accumulation of the rbcS mRNA. More interestingly, however, our results suggest that the effect on cab mRNA accumulation depends on the age of the leaf and is less severe in mature, established leaves. The results in Figure 3 also show, however, that both cab and rbcS mRNA levels are decreased in NM plants, although there is not a corresponding decrease in either LHCPII and SSU protein (see Fig. 2 ).
In contrast to the decrease of cab and rbcS mRNA levels after norflurazon treatment, the results in Figure 4 show that the levels of the two mRNAs (1.2 and 1.4 kb) detected for the nuclear-encoded 28RNP do not decrease in response to norflurazon in either young or mature leaves. The results in Figure 3 and Table I show that, although the level of two mRNAs for the 28RNP remained relatively constant in NY and Y leaves, the combined amount of both mRNAs is increased approximately 50% in NM leaves compared with M leaves. Thus, the accumulation of the 28RNP mRNA is not inhibited by norflurazon treatment and corresponds well with the accumulation of the 28RNP protein.
The results in Figure 3 show that the levels of chloroplastencoded mRNAs were also affected in norflurazon-treated plants, but interestingly, the effect differed between mRNAs and between the two developmental stages of the leaves. The quantitative data in Table I To compare levels of total transcription activity of the plastid genome in each of the tissues tested, synthesis of RNA was compared to mass of plastid DNA. Incorporation of nucleoside triphosphates into TCA-precipitable RNA during run-on transcription in isolated chloroplasts shows that there is a 40% reduction in overall transcription activity in NY leaves per plastid DNA compared with controls, whereas no difference was found between the mature leaves of the treated and control plants (data not shown). These results suggest that the effect of norflurazon on plastid transcription activity is more severe in developing leaves compared with mature leaves and that the changes in transcription activity are independent of the respective plastid DNA levels.
Norflurazon Affects the Relative Transcription Activities of Some, but Not All, Plastid Genes
To determine the contribution of transcription of individual genes to the differential accumulation of chloroplast mRNAs after treatment with norflurazon, run-on transcription assays (10) were performed, followed by hybridization of the labeled run-on transcripts to chloroplast DNA. In a preliminary experiment, the labeled run-on transcripts from NY, Y, NM, and M leaf plastids were hybridized to total chloroplast DNA digested with EcoRI or BamHI. At this level of resolution, there were no gross changes detectable in the transcription profile of chloroplast DNA from norflurazon-treated leaves (data not shown), indicating that most likely all transcription Table II . Effect of Norflurazon on the Ratio of Plastid DNA to Nuclear DNA The amount of plastid DNA was quantitated relative to nuclear DNA by scintillation counting of blot slices corresponding to the plastid-encoded atpB and the nuclear-encoded ribosomal RNA genes from the same Southern blot. These values represent the average of three experiments. To obtain more detailed information concerning the activity of individual monocistronic and polycistronic transcription units, the labeled plastid run-on transcripts were also hybridized to gene-specific fragments of DNA. In addition to the previously described genes for which mRNA levels were determined (16S rrn, psaA, psbA, psbB, rbcL, and atpB/E), we assayed the transcription of the genes for the apoprotein of Cyt b6 (petB), the intron-containing tRNA lysine (trnK; E 1.4), and two ribosomal proteins (rpl2 and rpsl9; P/E 2.0). The results shown in Figure 5 confirm that all the genes analyzed are transcribed in NY and NM leaves. The transcripts were quantitated by scintillation counting of the corresponding blot slices and normalized to the transcription of the genes in untreated controls. Table III shows the relative levels of the labeled run-on transcripts, which are indicative of the transcription level of that gene. Relative to Y leaves, the transcription of all plastid genes is reduced in NY leaves, and the reduction is most significant for the 16S ribosomal RNA genes (rrn). This reduction in transcription activity is consistent with the decrease in overall transcription activity in NY leaves, which can most likely be accounted for by the approximately 10-fold decrease in rrn transcription. In contrast, there is a slight decrease in the transcription activity of rbcL, although the mRNA level decreases more than twofold (see Table I ). In the case of psbA, the situation is essentially the opposite of rbcL. In NY leaves, the transcription level of psbA is reduced more than twofold, whereas the mRNA level is slightly increased relative to Y leaves. These results indicate that norflurazon differentially affects the transcription (i.e. psaA, atpB/E, psbB) as well as the stability of individual chloroplast RNAs (i.e. 16Srrn, psbA, rbcL) in young leaves. (15, 19, 23) . We have chosen to block carotenoid synthesis in We cannot exclude, however, that norflurazon is not as efficiently transported to mature leaves, although we believe this is unlikely because it is transported to the shoot apex of the plants.
In addition to the difference in phenotype between NY and NM leaves, norflurazon treatment also causes changes in protein and mRNA accumulation as well as in plastid transcription. In NY leaves, all mRNAs and proteins analyzed in this study accumulate but to a lower level than in Y leaves. Similarly, transcription of plastid genes is reduced in NY compared with Y leaves. Only psbA mRNA accumulation is unaffected in NY leaves. In contrast, most plastid mRNAs accumulate to normal levels in NM leaves, except psaA mRNA, which is reduced. The levels of nuclear-encoded cab and rbcS mRNA are reduced in both NY and NM leaves, although cab mRNA accumulation is more affected in NY leaves. In contrast to the corresponding mRNA levels, the levels of LHCPII and SSU protein are significantly reduced only in NY but not in NM leaves. The 28RNP represents the first nuclear-encoded chloroplast protein whose mRNA and protein levels are not adversely affected by photooxidation (6, 7, 20) . Together, the data indicate that in spinach the response to norflurazon and resulting photobleaching in young leaves is not a general decrease in the level of all plastid components, but rather certain mRNAs and proteins are destabilized relative to others. In NM leaves, there are changes in both plastid and nuclear mRNA levels, whereas there is only a moderate decrease in pigment levels. It is interesting to note that both cab and psaA mRNA are the most drastically reduced in NY leaves and that they both encode Chl-binding proteins. This concerted regulation of cab and psaA mRNA accumulation may reflect a feedback mechanism based on the accumulation of Chl, although mRNA levels for psbB and psbA, which also encode Chlbinding proteins, are not similarly reduced in NM leaves.
Recently, Sagar and Briggs (27) (19, 20, 22, 23) . When the plants are transferred to high light, rapid bleaching occurs, and there is a sharp decrease in the level of these mRNAs. Collectively, these and other data have led to the proposal of a 'plastid factor,' which is required for optimal transcription of nuclear genes for plastid proteins. The hypothesis states that, in photooxidative conditions, this factor is no longer produced by the plastid, and transcription of nuclear genes is reduced (34) . Inhibitors of plastid protein synthesis were used to demonstrate that the factor is most likely not a product of plastid translation (22) . In (31) .
However, a previous study of photosynthetically deficient Chl mutants of maize has shown that cab mRNA accumulates to normal levels, which indicates that photosynthesis per se may not generate the signal (19) . The nature of the plastid factor and the mechanism by which it regulates transcription of nuclear genes remains unknown. It is unlikely that the expression of most or all plastid genes is dependent on production of such a factor. The results obtained for spinach NM leaves would also argue that plastid gene expression is not responsible for production of such a factor because most plastid mRNAs except psaA were unaffected in NM leaves, whereas nuclear-encoded mRNAs cab and rbcS are reduced by approximately 50%. It is possible that psaA mRNA accumulation is especially sensitive to photosynthetic metabolism or is regulated by Chl accumulation. It is interesting to note that psaA mRNA accumulation is most sensitive to different light qualities as well (11) .
The work presented here supports the model of generally constitutive transcription of the plastid genome and is consistent with previous reports that demonstrate the involvement of posttranscriptional mechanisms in the regulation of plastid mRNA accumulation. It appears that norflurazon treatment does not lead to the complete destruction of all plastid components but rather affects the selective turnover of specific photosynthetic proteins and mRNAs. It will be important to determine the molecular mechanism(s) by which norflurazon exerts these pleiotropic effects, as well as the signal transduction components that coordinate the control of groups of genes for specific photosynthetic proteins.
